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The floor plate is a signaling center in the ventral neural tube of vertebrates with important functions during neural patterning and axon
guidance. It is composed of a centrally located medial floor plate (MFP) and a bilaterally positioned lateral floor plate (LFP). While the role of the
MFP as source of signaling molecules like, e.g., Sonic Hedgehog (Shh) is well understood, the exact organization and function of the LFP are
currently unclear. Based on expression analyses, the one cell wide LFP in zebrafish has been postulated to be a homogenous structure. We instead
show that the zebrafish trunk LFP is discontinuously arranged. Single LFP cells alternate with p3 neuronal precursor cells, which develop V3
interneurons along the anteroposterior (AP) axis. Our mutant analyses indicate that both, formation of LFP and p3 cells require Delta-Notch
signaling. Importantly, however, the two cell types are differentially regulated by Hedgehog (HH) and Nkx2.2 activities. This implicates a novel
mechanism of neural tube patterning, in which distinct cell populations within one domain of the ventral neural tube are differently specified along
the AP axis. We conclude that different levels of HH and Nkx2.2 activities are responsible for the alternating appearance of LFP and p3 neuronal
progenitor cells in the zebrafish ventral neural tube.
© 2006 Elsevier Inc. All rights reserved.Keywords: Neural patterning; Floor plate formation; Hedgehog signaling; Nkx2.2; Homeobox genesIntroduction
The floor plate is an epithelial group of cells positioned in the
ventral neural tube of vertebrates. It functions as a signaling
center, which specifies the identity of neuronal subtypes
(Echelard et al., 1993; Marti et al., 1995a; Chiang et al.,
1996; Ericson et al., 1997a; Briscoe et al., 2000) and
oligodendrocytes (Poncet et al., 1996; Pringle et al., 1996;
Agius et al., 2004) during early embryonic development. Later,
the floor plate guides the trajectory of outgrowing axons
(Charron et al., 2003; Lyuksyutova et al., 2003; Bourikas et al.,
2005). Floor plate cells are characterized by a cuboidal shape
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doi:10.1016/j.ydbio.2006.09.018years, differences in the spatial expression of these markers has
been observed in several vertebrate species (Tanaka and Obata,
1984; Yamada et al., 1991; Placzek et al., 1991, 1993; Marti et
al., 1995b; Odenthal and Nusslein-Volhard, 1998). In mice and
zebrafish, for example, the floor plate marker genes shh and
netrin-1 are restricted to the innermost cells of the floor plate
(Marti et al., 1995b; Odenthal et al., 2000), while the forkhead
gene foxa2 is more broadly expressed (Marti et al., 1995b;
Odenthal and Nusslein-Volhard, 1998; Odenthal et al., 2000). In
chicken, Foxa2 is transiently restricted to the innermost floor
plate cells, while Shh and Netrin-1 extend more laterally (Marti
et al., 1995b; Charrier et al., 2002). This led to the definition of
the inner cells as medial floor plate (MFP), while the outer cells
were named lateral floor plate (LFP).
The structure and mechanisms of floor plate formation are
apparently different in vertebrate species (reviewed in Strähle et
al., 2004). While in higher vertebrates, the floor plate width
encompasses several cells, in zebrafish both trunk MFP and
LFP are only one cell broad. In chicken and zebrafish, cell fate
and mutant analyses have indicated that MFP cells of the neural
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shield, respectively, and integrate into the midline of the neural
plate (reviewed in Le Douarin and Halpern, 2000; Strähle et al.,
2004; Placzek and Briscoe, 2005). Therefore, a node derived
MFP and a neuroectodermally derived LFP can be distin-
guished in chicken and zebrafish. In mouse, in contrast, all floor
plate cells are apparently derived from the neuroectoderm
(Jeong and Epstein, 2003). Besides the underlying mechanisms,
also the signals controlling MFP and LFP formation differ in
vertebrates. In mice and chicken, the floor plate together with
other ventral cells of the neural tube are induced by Sonic
hedgehog (Shh; reviewed in Placzek and Briscoe, 2005). In
zebrafish, in contrast, Shh only induces LFP and ventral
neurons. Induction of the MFP, on the other hand, is controlled
by shield-derived factors, like, e.g., Cyclops (Nodal-related 2;
Halpern et al., 1997; Sampath et al., 1998; Schauerte et al.,
1998; Appel et al., 1999; Tian et al., 2003; Schäfer et al., 2005b;
Latimer et al., 2005).
Recently, it has been shown that in the avian neural tube the
floor plate markers Shh and Netrin-1 overlap at least transiently
with Nkx2.2 and Sim1 (Charrier et al., 2002). These markers are
expressed in the p3 neuronal progenitor domain in higher
vertebrates and differentiated V3 interneurons, respectively. The
p3 neuronal progenitor domain is also characterized by
expression of the homeobox gene Nkx2.9, but lack of Pax6
expression (Briscoe et al., 1999; Ericson et al., 1997b; Pabst et
al., 1998; Qiu et al., 1998; Shimamura et al., 1995). It has been
shown that cells of the p3 neuronal domain later differentiate into
V3 interneurons (Briscoe et al., 1999; Fan et al., 1996, Yamada et
al., 1991; Briscoe et al., 2000). Also in other higher vertebrate
species, floor plate defining markers apparently overlap with the
p3 neuronal domain (Placzek et al., 1993; Marti et al., 1995b).
This raises the question, how cells of the LFP are organized and
formed during early embryonic development. In zebrafish, a p3
neuronal domain has not been described so far. However,
GABAergic Kolmer–Agdhur neurons that ascend ipsilaterally
from the LFP into the ventral longitudinal fasciculus have been
reported (Bernhardt et al., 1992). Therefore, it is currently not
clear whether cells between the most ventral MFP and the
motoneuronal domain in the vertebrate neural tube are non-
neuronal floor plate cells or neuronal cells.
We have addressed this question in the developing zebrafish
embryo. In zebrafish, the one cell wide LFP has been described
as a homogenous structure (Odenthal et al., 2000). We, however,
show that the zebrafish LFP is a discontinuous row of cells that
alternate with p3 neuronal progenitor cells along the AP axis in
the ventral neural tube. Furthermore, we show that both cell
populations are dependent on Delta-Notch signaling, but are
differently regulated by Hedgehog (HH) and Nkx2.2 activities.
Material and methods
Maintenance of wild-type and mutant zebrafish
Zebrafish were maintained as described in Westerfield (2000). Embryos
were obtained from mating of wild-type and heterozygous mutant carriers and
raised at 26–30°C until they reached the desired developmental stage. For stages
older then 42 h post fertilization (hpf), embryos were raised in 0.003%phenylthiourea (PTU) to inhibit pigment formation. Staging was done according
to Kimmel et al. (1995). The following mutant alleles were used: you-too (yot,
gli-2; ty17a and ty119, Karlstrom et al., 1999), detour (dtr; te370a, Karlstrom et
al., 2003), sonic you (syu, shh; t4, Schauerte et al., 1998) and slow muscle
omitted (smo, smoothened; b641, Varga et al., 2001), as well as a transgenic
gata-2:GFP line (Meng et al., 1997).
Whole-mount antibody staining and in situ hybridization
Antibody staining was essentially performed as described in Westerfield,
2000. A polyclonal GABA antibody (1:500; Sigma) was used to detect Kolmer–
Agdhur neurons and a mouse monoclonal anti-huC/D antibody (1:1000;
Molecular Probes) to detect postmitotic neurons. Proliferating cells in M-phase
were detected with an anti-phospho-histone H3 (PhH3) antibody (1:1000). For
visualization of antibody reaction, the Vectastain ABC kit (Vector Laboratories)
and Fast DAB (Sigma) or an anti-mouse-Cy3 antibody was used. In situ
hybridization was done as described before in Winkler and Moon (2001). In
embryos where double in situ hybridization was performed, the first color
staining was photographed before and after staining of the second color to
monitor possible quenching effects. Sections of whole-mount embryos were
manually prepared with a razor blade and mounted in glycerol for photography.
For co-localization of p3 and V3 neuronal markers with the neuron-specific
huC/D antigen, 10 μM cryosections were obtained from embryos stained by in
situ hybridization and subsequently subjected to immunostaining. The following
probes were used for in situ hybridization, which were all described before:
eng2 (Ekker et al., 1992), f-spondin (Higashijima et al., 1997), foxa2 (Strähle
et al., 1993), isl1 (Inoue et al., 1994), isl2 (Appel et al., 1995), nkx2.2a (Barth
and Wilson, 1995), nkx2.2b (Schäfer et al., 2005a), olig2 (Park et al., 2002),
sim1 (Serluca and Fishman, 2001) and tal2 (Pinheiro et al., 2004).
Cyclopamine treatment
To inhibit endogenous HH signaling, embryos were incubated from shield
stage to 18 s stage in 0.5×10−6, 1×10−6, 2×10−6 and 3×10−6 M cyclopamine
(Toronto Research Chemicals) diluted from a 10−2 M stock in DMSO. The
chorion was manually removed prior to incubation.
Morpholino injection
Two morpholino antisense oligonucleotides (Gene Tools) were designed
against the upstream regions of nkx2.2a (CGTCTTTGTGTTGGTCAACGA-
CATG) and nkx2.2b (TCTTTAGGGACATTTTCCAAACCAG). These mor-
pholinos were injected at 12 ng/nl (nkx2.2a) and 10 ng/nl (nkx2.2b),
respectively, into single blastomeres of 1–2 cell stage embryos. The specificity
and functionality of both morpholinos were tested by coinjection of each
morpholino with the corresponding target sequence fused to GFP (nkx2.2-GFP)
and the target sequence containing five mismatches fused to GFP (MM nkx2.2-
GFP; see Supplementary material).
Results
Different expression profiles of LFP cells in the zebrafish
ventral neural tube
In most vertebrate species, the floor plate comprises a medial
and a lateral part. While the MFP has been intensively
characterized, the organization and function of the LFP is
currently not clear. In zebrafish, the LFP is described as a
homogenous structure (Odenthal et al., 2000). In chicken, in
contrast, LFP markers apparently overlap with markers of the
p3 neuronal progenitor domain and differentiated V3 inter-
neurons (Charrier et al., 2002). To get insight into the structure
of the LFP in zebrafish, we examined the expression of genes
specific for non-neuronal floor plate cells and neuronal
119M. Schäfer et al. / Developmental Biology 301 (2007) 117–129precursor cells during neurogenesis of the ventral neural tube. In
the trunk of 18–22 somite (s) stage (18–20 h post fertilization,
hpf) zebrafish embryos, the homeobox gene nkx2.2b is
homogenously expressed in the two parallel rows of LFP cells
(Fig. 1B; Schäfer et al., 2005a). The winged-helix transcription
factor foxa2 (Strähle et al., 1993) is homogenously expressed
in the MFP (Fig. 1C), like other known genes, for instance
f-spondin (Fig. 1A; Higashijima et al., 1997). However, in
the LFP, different levels of foxa2 expression were detected.Fig. 1. LFP cells show different expression profiles and identities. (A, B) Dorsal view
and nkx2.2b in the LFP (B). (C) foxa2 is discontinuously expressed in the LFP, with
(D) Overlay of a double in situ hybridization showing nkx2.2b (in red) that is strong
regions, nkx2.2b detection is quenched. (E) tal2 is expressed in single cells of the L
hybridization with tal2 (blue) and foxa2 (red). foxa2 analysis shows no significant di
of tal2 (G). Expression of tal2 only (H) and overlay of tal2 with foxa2 (I) showing co
immunostaining (in brown) is only detected in LFP cells that do not express tal2 (in b
(K, L) tal2 expression in the LFP (indicated by arrow) partly co-localizes with the pos
of nkx2.2b-expressing LFP cells (M) also expresses huC/D (arrow in N). The same tra
respectively. LFP, lateral floor plate; MFP, medial floor plate. Scale bar: J, 10 μM; NAlong the AP axis, we observed randomly distributed 1–2 cell
broad areas, in which foxa2was only weakly or not expressed in
nkx2.2b-positive LFP cells (Figs. 1C, D). Transcription of the
basic–loop–helix gene tal2 (Pinheiro et al., 2004), in contrast,
was found only in single cells of the LFP. These cells were
discontinuously arranged along the AP axis (Fig. 1E). A similar
expression was found for gata-2 (Detrich et al., 1995; see
Supplementary material). Double in situ hybridization of foxa2
and tal2 showed that tal2-positive cells are located in areas ofs of trunk regions showing homogenous expression of f-spondin in the MFP (A)
regions of weak expression levels along the AP axis (indicated by arrowheads).
ly expressed within regions of weak foxa2 expression (in blue). In overlapping
FP that are discontinuously distributed along the AP axis. (F–I) Double in situ
fference in fluorescence detection when compared before (F) and after detection
mplementary localization of tal2 in regions of weak foxa2 expression. (J) PhH3
lue). Panels A–J are dorsal views of trunk at 18 to 22 s stage, anterior to the left.
tmitotic neuronal marker huC/D at 24 hpf (arrows in L). (M, N) A subpopulation
nsverse sections are shown for bright-field (K, M) and Cy3 fluorescence (L, N),
, 5 μM.
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staining for cells in M-phase showed that tal2-expressing cells
do not divide at the 20 s (18–20 hpf) stage. The alternating
foxa2-expressing cells, however, proliferate extensively (Fig.
1J). This indicates that tal2-positive cells are postmitotic and
have started to differentiate at this stage of development.
Moreover, the postmitotic neuron marker huC/D (Marusich et
al., 1994) could be detected in a fraction of tal2-expressing LFP
cells at 24 hpf (Figs. 1K, L). This suggests that tal2-expressing
cells start to differentiate into neurons at this stage of
development. As tal2 is expressed in a subpopulation of the
nkx2.2b-expressing LFP, huC/D expression was also detected
in a few nkx2.2b-expressing cells (Figs. 1M, N).
Taken together, this shows that the two parallel rows of cells
in the zebrafish ventral neural tube, which have originally been
described as the LFP, have different expression profiles at 18–
20 hpf. It furthermore indicates that two different cell
populations alternate along the AP axis within this domain.
One cell population expresses the floor plate marker gene foxa2
and nkx2.2b (foxa2+, nkx2.2b+), while the other cell population
expresses tal2 and nkx2.2b (tal2+, nkx2.2b+). These cells are
postmitotic and start to differentiate into neurons.
LFP cells alternate with p3 neuronal progenitor cells in the
zebrafish ventral neural tube
To characterize the two different cell populations within the
ventral neural tube in more detail, we analyzed the expression
profiles of both cell types during late neurogenesis. At 48 hpf,
the expression patterns of foxa2 (Fig. 2A) and tal2 (Fig. 2B)
were not significantly different when compared to earlier
stages (Figs. 1C, E). Both markers, however, had significantly
decreased expression levels. We found that the bHLH gene
sim1 (single-minded1; Serluca and Fishman, 2001), which is a
marker for differentiated V3 interneurons in higher vertebrates
(Briscoe et al., 1999; Fan et al., 1996; Yamada et al., 1991), is
expressed in single cells of the LFP (Fig. 2C), similar to tal2.
Double in situ hybridization at 44 hpf showed that a subset of
tal2-positive cells expresses sim1 (Figs. 2D, E, K). sim1-
expressing cells are apparently postmitotic neurons as they
express the neuronal marker huC/D (Figs. 2F, G). This
indicates that sim1 is a marker for differentiated V3
interneurons, similar to the situation in higher vertebrates.
Thus, at least a subset of the tal2+, nkx2.2b+ cell population
differentiates into V3 interneurons. We also observed a similar
distribution of GABAergic Kolmer–Agdhur (KA) neurons
(Figs. 2H, L; Bernhardt et al., 1992) and gata-2-positive
ventral interneurons (Fig. 2I; transgenic gata-2:GFP embryos;
Meng et al., 1997) in the ventral neural tube. At 48 hpf, the
two parallel rows of cells, defined as LFP, are still one cell in
width and directly neighbored by cells expressing the
motoneuronal domain marker olig2 and the differentiated
motoneuron marker islet2 (isl2; Figs. 2M–P). Thus, no
additional cell types have formed between these cells and
motoneuronal cells.
Our expressions analysis, therefore, indicates that the two
parallel rows of cells flanking the MFP in zebrafish consist oftwo distinct cell populations that differ in their expression
profiles. Cells, which are tal2+, nkx2.2b+ appear to be neuronal
progenitor cells. A subset of these cells differentiates into
sim1+/huC/D+ V3 interneurons and we thus postulate that
these cells are p3 neuronal pregenitor cells equivalent to cells of
the p3 neuronal domain in higher vertebrates (Briscoe et al.,
1999; Ericson et al., 1997b; Pabst et al., 1998; Qiu et al., 1998;
Shimamura et al., 1995). Possibly these cells also differentiate
into KA and/or other ventral interneurons. foxa2+, nkx2.2b+
cells, on the other hand, are not expressing any analyzed
neuronal marker genes at 48 hpf and therefore can be considered
as non-neuronal floor plate cells (Fig. 2Q). Hence, we conclude
that during early neurogenesis the zebrafish one cell wide LFP is
not a homogenous structure as described earlier but that LFP
cells rather alternate along the AP axis with p3 neuronal
progenitor cells.
Delta-Notch signaling regulates LFP and p3 neuronal
progenitor cell formation
Proliferation and specification of neurons and glia cells
within the developing vertebrate neural tube are controlled by
Delta-Notch-dependent lateral inhibition. This process regulates
differential neural development by progressive specification of
only a subset of cells within the neural ectoderm as neural
progenitor cells. The neighboring cells, on the other hand, stay
undifferentiated and acquire an alternative fate (Appel et al.,
2001). We have investigated whether in zebrafish also LFP and
p3 neuronal progenitor cells are specified by Delta-Notch
signaling. For this, we analyzed development of both cell types
in the mutant mindbomb (mib), which is deficient for a ring type
ubiquitin ligase required for Delta activity (Itoh et al., 2003). In
homozygous mib mutants, we found a strong reduction of
nkx2.2b (Fig. 3B) as marker for LFP and p3 neuronal cells. In
addition, also foxa2 in LFP cells (Fig. 3D) and tal2 in p3
neuronal progenitor cells (Figs. 3H, J) were absent. foxa2
expression in the MFP, in contrast, was normal (Fig. 3D). This
indicates that most LFP and ventral neuronal progenitor cells
fail to form in homozygous mib mutants. The number of
primary neurons expressing islet1 (isl1, Inoue et al., 1994), on
the other hand, was extremely increased in the neural tube. isl1-
positive cells were detected directly adjacent to the MFP (Fig.
3F). This indicates that mib function is required for LFP and p3
marker gene expression and suggests that these cells are not
specified in mib mutants. Delta-Notch signaling therefore
seems to be required for LFP as well as p3 neuronal progenitor
cell formation and the inhibition of primary neurogenesis inside
both cell types. Heterozygous embryos showed no LFP or p3
neuronal phenotype (data not shown), which indicates that
reduced Delta-Notch activity is still sufficient to specify both
LFP and p3 neuronal progenitor cells.
Formation of LFP and p3 neuronal progenitor cells is
differently regulated by Hedgehog signaling
To investigate the mechanisms of differential specification
of LFP and p3 neuronal progenitor cell development, we
Fig. 2. Two different cell populations alternate in the zebrafish ventral neural tube. (A, B) At 48 hpf, foxa2 is discontinuously expressed in cells adjacent to the MFP
(A). tal2 expression is weakly detectable in single cells at 44 hpf (B). Arrowheads in panel (A) indicate regions with no detectable expression of foxa2. (C) sim1 is
expressed in groups of cells located adjacent to the MFP, which are discontinuously distributed along the AP axis, similar to tal2 in panel B. (D, E) Some sim1-positive
cells (in red in D and E) co-express tal2 (in blue in D, indicated by arrowheads). (F–G) sim1-expressing cells (F) are positive for the neuronal marker huC/D (G). The
same transverse section is shown for bright-field (F) and Cy3 fluorescence (H). (H, I) GABA protein in wild-type (H) and gata-2 gene expression in gata-2:GFP
transgenic embryos (I). Focal plane shows the most ventral cells of the neural tube and depicts Kolmer–Agdhur (KA) neurons and ventral interneurons (VI),
respectively, in the ventral-most domain (also shown in transverse section in panel L). Note similar expression of tal2 (B), sim1 (C), GABA (H) and gata-2 (I). Panels
A–E and H, I are dorsal views of trunk, anterior to the left. (J–N) Transverse sections showing co-expression of sim1 (J), tal2 (in blue) and sim1 (in red; K), GABA (L),
foxa2 (M) and nkx2.2b (N) in the ventral neural tube. (O, P) Expression of olig2 in the motoneuronal domain (M) and isl2 in differentiated motoneurons (N) is located
adjacent to markers detected in panels J–N. (Q) Model of the zebrafish ventral neural tube during early neurogenesis in which non-neuronal LFP (foxa2+, nkx2.2b+)
and p3 neuronal progenitor cells (tal2+, nkx2.2b+) alternate along the AP axis in cells adjacent to the MFP. Panels F, G and J–P are transverse sections of middle trunk
regions. VI, ventral interneurons; KA, Kolmer–Agdhur neurons; MN, motoneurons; VeLD, ventral lateral distal neurons. Scale bars: E,G 5 μM; I,P 10 μM.
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process. Cell explant experiments as well as knockout
analyses have shown that distinct neuronal progenitor cells
are specified along the DV axis of the vertebrate ventral
neural tube, according to an activity gradient of HH signaling
(Briscoe and Ericson, 2001; Ericson et al., 1997a; Jessell,
2000, Lewis and Eisen, 2001). In zebrafish, LFP and p3
neuronal progenitor cells apparently alternate along the APaxis but are positioned at the same level along the DV axis.
To investigate how these two cell types are specified, we
analyzed expression of specific marker genes in mutants of
the ligand Shh (sonic-you, syu; Schauerte et al., 1998), the
signal transducer Smoothened (slow-muscle-omitted, smo;
Varga et al., 2001), as well as of the downstream transcription
factors Gli1 (detour, dtr; Karlstrom et al., 2003) and Gli2
(you-too, yot; Karlstrom et al., 1999). In all analyzed
Fig. 3. Delta-Notch signaling is required for LFP and p3 neuronal progenitor cell development. (A–D) nkx2.2b (A, B) and foxa2 (C, D) expression in wild-type
control (A, C) and mib−/− embryos (B, D). In mib−/− mutants, nkx2.2b and foxa2 are both strongly reduced in the LFP and p3 neuronal progenitor cells in
comparison to control (for nkx2.2b in n=12 (22%) embryos from a clutch of 55 embryos obtained from identified, heterozygous carriers; n=5/19, 26% for
foxa2, n=8/34, 24% for tal2). Only single cells are detectable. (E, F) Expression of isl1 (in red) and shh (in blue) in wild-type (E) and mib−/− mutants (F). In
control embryos, isl1 is expressed in primary motor and sensory neurons (E). In mib−/−, isl1 is strongly expanded and is located in cells directly adjacent to the
MFP. (G–J) tal2 expression in wild-type (G, I) and mib−/− (H, J) mutants. In mib−/− mutants, tal2 expression is strongly reduced in the most ventral cells
(arrowhead marks region with absent p3 cells). Panels A–D are dorsal views, panels E, F, I, J are transverse sections and panels G, J are lateral views of embryos
at the 16- to 20 s stage. Scale bars: H, 20 μM; J, 10 μM.
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sim1 were not detectable in the LFP and p3 neuronal cells
of the trunk indicating that these cells fail to form (Figs. 4C,
F, K and data not shown; Schäfer et al., 2005a). Heterozygous
syu and smo embryos showed no altered expression when
compared to wild-type embryos (data not shown). However,
in heterozygous dtr and yot mutants, we observed modulated
expression of LFP and p3 neuronal marker genes. Nkx2.2b as
a marker for both cell populations was reduced to single cells,
which were irregularly distributed along the AP axis (Fig. 4B
and data not shown). Expression of foxa2 as a marker for
LFP cells, in contrast, was only detectable in the MFP (Fig.
4E), while expression of tal2 in p3 neuronal progenitor cells
was normal (Fig. 4J). Also the V3 neuron marker sim1
showed no altered expression in heterozygous yot embryos
when compared to wild type (data not shown; n=24 out of a
clutch of 34 embryos obtained from identified yot carriers).
This suggests that in heterozygous dtr and yot embryos, LFP
cells (foxa2+, nkx2.2b+) fail to form, while p3 neuronal cells
(tal2+, nkx2.2b+) are still present. Therefore, we conclude
that LFP and p3 neuronal cells require different HH activities.
Non-neuronal LFP cells appear to require high levels of HH
activity and consequently are not formed in heterozygous glimutants. P3 neuronal progenitor cells, in contrast, require
lower levels of HH activity and are therefore induced.
The loss of LFP marker genes in heterozygous yot and dtr
mutants raises the question, whether these cells are specified
to develop into any other neuronal subtype. To investigate
this, we analyzed expression of the motoneuronal domain
marker olig2 in dtr mutants. In homozygous dtr mutant
embryos, we found a ventral shift of olig2 expression into
cells neighboring the MFP in the entire trunk (Figs. 5C, F and
data not shown). This has also been shown before in
homozygous syu mutants (Park et al., 2004). In heterozygous
dtr embryos, we observed a similar ventral shift of the olig2
domain in regions between remaining nkx2.2b-expressing
cells (Figs. 5B, E). However, no expression of the
motoneuronal marker isl2 (Appel et al., 1995) could be
observed in the most ventral cells of homozygous and
heterozygous yot mutants (Figs. 5G, H). This indicates that
LFP cells fail to develop their characteristic features when
HH activity is reduced. They instead acquire characteristics
indicative for the motoneuronal domain but do not differen-
tiate into isl2-positive motoneurons. Whether these cells
develop into any other subtype of motoneuron or into glia
cells remains unclear.
Fig. 4. Differential regulation of LFP and p3 neuronal progenitor cells in hedgehogmutants. (A–C) In wild-type control embryos, nkx2.2b is homogenously expressed
in LFP and p3 neuronal progenitor cells along the AP axis (A). nkx2.2b expression is reduced to single cells in dtr+/− (detour, gli1) mutants (in n=15 (56%) out of a
clutch of 27 embryos obtained from identified carriers; B) and completely absent in dtr−/− (n=7/27, 26%; C). Similar results were obtained in yotmutants (yot+/−, n=22/
40, 55%; yot−/−, n=11/40, 28%). (D) foxa2 is expressed in the MFP and LFP cells in wt embryos (D). In yot+/− (you-too, gli2; E) and yot−/− embryos (F), foxa2 is only
detectable in theMFP (n=23/34, 68%). The samewas observed in dtr+/− and dtr−/−mutants (n=11/18, 61%). (G–I) Identification of homozygous and heterozygous yot
mutants. In wild-type embryos, eng2a is expressed in muscle pioneer cells (MPC; G). In yot+/− embryos, where foxa2 expression is lost in the LFP, expression of eng2a
is normal (H). yot−/− embryos, in contrast, lack both, foxa2 in the LFP, as well as eng2a in the trunk (I). (J, K) Transverse sections of middle trunk regions. In wt and yot+/−
embryos, tal2 is expressed in the p3 neuronal progenitor cells and in dorsally located interneurons (IN) within the ventral neural tube (J). yot−/− embryos lack tal2
expression in p3 neuronal cells, expression in more dorsally located interneurons is unaffected (n=6/26, 23%; K). Scale bars: F, K, 10 μM.
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and p3 neuronal progenitor cells by Hedgehog activities
To directly test whether LFP and p3 neuronal progenitor cells
are regulated by different activities of HH signaling, we
gradually inhibited the HH signal transducer Smoothened using
the alkaloid cyclopamine (Cooper et al., 1998). While treatment
of embryos with DMSO did not affect nkx2.2b expression
(Figs. 6A, E), embryos incubated in 1–1.5 μM cyclopamine
from shield stage to the 22 s stage resulted in a significant
reduction of nkx2.2b expression to single cells (Figs. 6B, F).
This is similar to the situation in heterozygous dtr and yot
embryos (Fig. 4B). As observed in these heterozygous mutants,
foxa2 in LFP cells was not detectable (Fig. 6J), but expression
of tal2 in p3 neuronal progenitor cells was normal (Fig. 6N). In
embryos incubated with 2 μM cyclopamine or higher
concentrations, nkx2.2b, foxa2 and tal2 completely disappeared
in LFP and p3 neuronal cells (Figs. 6C, D, G, H, K, L, O, P), as
observed in homozygous hh mutants.
The expression pattern of nkx2.2b in the head of cyclopa-
mine-treated embryos also resembles that of hh mutants.
Treatment of embryos with 1–1.5 μM cyclopamine resulted
in normal expression of nkx2.2b in the head, as observed in
heterozygous gli mutants, in which also only nkx2.2b
expression in the trunk was reduced (Fig. 6B). Embryos
incubated with 2 μM cyclopamine showed no nkx2.2b
expression in the midbrain–hindbrain boundary (MHB) and
in parts of the hindbrain (Fig. 6C). This is similar to nkx2.2b
expression in homozygous yot embryos (Schäfer et al., 2005a).Treatment of embryos with 3 μM cyclopamine resulted in a
complete repression of nkx2.2b in the entire embryo (Fig. 6D),
which resembles the situation in homozygous smo embryos
(Schäfer et al., 2005a). Altogether, this shows that gradual
inhibition of Smoothened activity with the alkaloid cyclopa-
mine can mimic the phenotypes observed in homozygous and
heterozygous gli mutants. These results therefore strongly
indicate that LFP and p3 neuronal progenitor cells are
differentially regulated by HH activity in a dosage-dependent
manner. LFP cells (foxa2+, nkx2.2b+) require high levels of HH
activity, while p3 neuronal progenitor cells (tal2+, nkx2.2b+)
require lower levels.
Interestingly, in embryos treated with 1.5 μM cyclopamine,
nkx2.2b was gradually repressed along the AP axis with three
regions of different expression. In hindbrain and anterior trunk,
nkx2.2b expression was normal. In mid-trunk regions, nkx2.2b
was reduced to single cells, while in the posterior trunk nkx2.2b
expression was completely blocked (Fig. 6R). This indicates
that at a given developmental stage, HH signaling has an
anterior to posterior gradient of activity during induction of
nkx2.2b expression. This is in line with earlier observations of
the HH-dependent induction of motoneurons (Lewis and Eisen,
2001; Varga et al., 2001).
nkx2.2a and nkx2.2b genes are required for LFP formation
Nkx genes represent important targets for HH signaling in the
ventral neural tube. As member of the class II homeobox genes,
Nkx2.2 is activated by high doses of HH activity. Consequently,
Fig. 5. The motoneuronal domain is ventrally expanded in hedgehog mutants.
(A–F) Expression of nkx2.2b (blue) and olig2 (red) in lateral view of trunk
regions (A–C) and transverse sections (D–F). In wt embryos, nkx2.2b is
expressed in LFP and p3 neuronal progenitor cells, olig2 is expressed in the
motoneuronal domain (A, D). Olig2 expression is ventrally expanded in regions
with no nkx2.2b in dtr+/− (E; n=35 out of a clutch of 71 embryos obtained from
mutant carriers, 49%) or along the entire axis in dtr−/− embryos (n=17/71,
24%). The section shown in panel (E) was made in a region between remaining
nkx2.2b expression. (G, H) Differentiated motoneurons expressing isl2 (in blue)
are formed within the lateral motoneuronal domain in wt and yot+/− embryos
(n=16/22, 73%; G). The same position of isl2 is observed in yot−/− (n=6/22,
27%). Most notably, no expression in cells neighboring the MFP expressing
col2A1 (in red) are found (H). Homozygous yot embryos were identified by
loss of eng2 (in blue) in muscle pioneer cells (MPC). Panels A–C are lateral
views of trunk, anterior to the left. Panels D–H are transverse sections of middle
trunk. MPC, muscle pioneer cells. Scale bars: C, F, 10 μM.
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Zebrafish contain two duplicated nkx2.2 genes, which are the
only genes known so far that are expressed in both LFP and
p3 neuronal cells (Barth and Wilson, 1995; Schäfer et al.,
2005a). To analyze, if nkx2.2 genes are capable of mediating
differential HH activities in specifying p3 neuronal versus
LFP cells, we used a morpholino based gene knock-down
approach.
Knock-down of nkx2.2a led to a severe reduction of the head
size with retardation of eyes, enlargement of the 3rd ventricle
and aggregation of necrotic cells in the hindbrain (data not
shown). nkx2.2b morpholino injected embryos were slightly
shortened and had enlarged pericardial sacs, but otherwiselooked normal (data not shown). Both morpholinos were tested
for functionality by coinjection with GFP sensor constructs (see
Supplementary material).
We investigated the function of nkx2.2a and nkx2.2b during
formation of the trunk LFP and p3 neuronal progenitor cells.
First, we analyzed expression of nkx2.2b as marker of both cell
populations. Knock-down of nkx2.2a resulted in a reduction of
nkx2.2b expression to single cells that were irregularly
distributed along the AP axis (n=19/44, 43%; Fig. 7B), similar
to the situation in HH deficient embryos. As observed in
cyclopamine-treated embryos, nkx2.2b showed a gradual
inhibition from anterior to posterior in nkx2.2a morphants
(data not shown). The same reduction of nkx2.2b was observed
in a small number of nkx2.2b morpholino injected embryos
(n=16/142, 11%; data not shown). Coinjection of both nkx2.2a
and nkx2.2b morpholinos did not reduce the number of
remaining nkx2.2b-expressing cells any further (n=30/57,
52%, data not shown). nkx2.2a morpholino injected embryos
furthermore resulted in a strong reduction of foxa2 expression
in the LFP (n=27/57, 47%; Fig. 7D). A similar reduction was
observed for nkx2.2b morpholino injection as well as coinjec-
tion of nkx2.2a and nkx2.2b morpholinos (n=8/52, 15% for
nkx2.2b; n=21/38, 55% for nkx2.2a+b morpholino; data not
shown). On the other hand, no change in the expression of the
p3 neuronal progenitor cell marker tal2 was observed in the
ventral neural tube (n=46/46 for nkx2.2a, Fig. 7F; n=55/55 for
nkx2.2b and n=63/63 for nkx2.2a+b morpholino, data not
shown). This indicates that nkx2.2a and nkx2.2b are required
for formation of LFP cells but do not affect formation of p3
neuronal progenitor cells.
Discussion
LFP and p3 neuronal progenitor cells alternate along the AP
axis in the zebrafish ventral neural tube
The floor plate is an important signaling center, which
specifies neurons and glia cells in the ventral neural tube and
guides the trajectory of outgrowing axons. It consists of an inner
located MFP and an outer positioned LFP. Contrary results exist
for the structure of the LFP in vertebrates. While in zebrafish the
LFP is described as a homogenous structure, in chicken LFP
and p3 neuronal markers overlap. Thus, the exact structure of
the LFP in vertebrates is currently unclear.
We and others have previously shown that the homeobox
genes nkx2.2a and nkx2.2b are continuously expressed in the
zebrafish LFP (Fig. 1B; Barth and Wilson, 1995; Schäfer et al.,
2005a). In the present study, we found that only a subset of
nkx2.2-positive cells expresses high levels of the floor plate
marker gene foxa2 at 18–20 hpf (Figs. 1C, D). Furthermore, we
show that foxa2-positive cells proliferate during early neuro-
genesis (Fig. 1J) and most likely stay undifferentiated until at
least 48 hpf (Fig. 2A). The other subset of cells, in contrast,
expresses the genes tal2 and probably gata-2 (Fig. 1E and
Supplementary material). During early neurogenesis, these cells
most likely become postmitotic and start to differentiate into
neurons (Figs. 1J–N). At 48 hpf, a subset of these cells
Fig. 6. Dose-dependent effects of cyclopamine treatment on specification of LFP and p3 neuronal progenitor cells. (A–H) nkx2.2b expression in embryos treated with
DMSO (A, E), 1–1.5 μM (B, F), 2 μM (C, G) and 3 μM (D, H) cyclopamine. (A, E) Embryos treated with DMSO show no effects on nkx2.2b expression. (B, F) 1–
1.5 μM cyclopamine has no effect on head expression (B), but leads to discontinuous expression in the trunk (F; n=68/123, 55%). (C, G) At 2 μM cyclopamine,
nkx2.2b expression is reduced in the head (C) and completely absent in the trunk (G; n=18/22, 82%). (D, H) Treatment with 3 μM cyclopamine blocks nkx2.2b
expression in the entire embryo (n=17/19, 89%). (I–L) Expression of foxa2 in embryos treated with DMSO (I), 1–1.5 μM (J), 2 μM (K) 3 μM cyclopamine (L). foxa2
is absent in the LFP and only detectable in the MFP in embryos treated with 1 μM cyclopamine or higher (J–L; n=27/40, 67% for 1–1.5 μM), when compared to the
DMSO control (I). (M–P) tal2 expression in embryos incubated with DMSO (M), 1–1.5 μM (N), 2 μM (O) and 3 μM cyclopamine (P). Expression of tal2 is not
affected in embryos treated with 1–1.5 μM cyclopamine (M; n=51/73, 70%), when compared to the DMSO control (N). Only higher concentrations of 2 μM (O) and
3 μM cyclopamine (P) lead to a loss of tal2 in p3 neuronal cells (indicated by arrowhead). (Q, R) nkx2.2b expression in DMSO control (Q) and 1.5 μM cyclopamine-
treated embryos, lateral view (R). Embryos treated with 1–1.5 μM cyclopamine have patchy nkx2.2b expression in the middle trunk regions. In the posterior trunk,
nkx2.2b expression is completely blocked. Regions with different degrees of nkx2.2b repression are indicated by boxes. Panels A–D and Q, R are lateral views of
embryos in overview and trunk and tail regions respectively, anterior is to the left, panels E–L are dorsal view on trunk regions, anterior to the left, panels M–P are
transverse section of middle trunk region. IN, interneurons. Scale bars: L, P, 10 μM; R, 50 μM.
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interneurons in higher vertebrates (Briscoe et al., 1999). In
zebrafish, sim1 is expressed in postmitotic neurons in the
zebrafish ventral neural tube (Figs. 2F, G). This suggests that
similar to higher vertebrates, sim1 is a marker for differentiatedV3 interneurons in zebrafish. Thus, at least a subset of tal2+,
nkx2.2b+ cells differentiates into V3 interneurons during late
neurogenesis. A similar distribution as for tal2 and sim1 in the
ventral neural tube was shown for the neurotransmitter GABA,
specific for Kolmer–Agdhur neurons (Figs. 2H, L; Bernhardt et
Fig. 7. Knock-down of nkx2.2a interferes with LFP formation. (A, B) nkx2.2a morpholino injected embryos show reduction of nkx2.2b expression to single cells
(B; for details, see text). (C–F) The LFP marker foxa2 is almost completely repressed in the LFP after nkx2.2a morpholino knock-down (D), while expression of
tal2 in p3 neuronal progenitor cells is not affected (F). All pictures are dorsal views with anterior to the left. Scale bar in panel F is 20 μM.
126 M. Schäfer et al. / Developmental Biology 301 (2007) 117–129al., 1992), and gata-2 as marker for ventral interneurons (Fig.
2I; Meng et al., 1997).
Based on these data, we conclude that the LFP in zebrafish is
not a homogenous structure as described earlier (Odenthal et al.,
2000), but that non-neuronal LFP cells (foxa2+, nkx2.2b+)
alternate with p3 neuronal progenitor cells (tal2+, nkx2.2b+),
which later at least partly develop into V3 interneurons (sim1+).
In the zebrafish neural tube, genes expressed in LFP and p3
neuronal cells do not show overlapping patterns, as it has been
shown for chicken (Charrier et al., 2002), but have clearly
separated domains (Fig. 8). It remains open, whether the same
cells express both, sim1 as V3 neuronal differentiation marker
and GABA, indicative for KA neurons. Furthermore, it is still
not clear, whether nkx2.2+/foxa2+ LFP cells serve as a pool of
undifferentiated progenitors, which develop into neurons or glia
cells during later stages. As both markers are down-regulated at
48 hpf, future cell labeling experiments are required to
determine the fate of this cell population.
Delta-Notch signaling is required for both LFP and p3
neuronal progenitor formation
Delta-Notch-dependent lateral inhibition is involved in
neural specification at different steps of development. By this
mechanism, only a subset of cells within the neural ectoderm
differentiates, which transiently expresses high levels of the
ligand Delta. Neighboring cells that express Notch are inhibited
from differentiation and acquire a different fate at later stages of
development. In zebrafish, this mechanism for example
regulates primary neurogenesis in a fraction of cells in the
gastrula neural plate leading to a specific pattern of motor and
sensory neurons (Appel et al., 2001). It has been shown before
that notch genes are expressed in most ventral cells of the
zebrafish neural tube during neurulation (Appel et al., 2001).
We have, therefore, investigated whether development of the
LFP and p3 neuronal progenitor cells is regulated by Delta-
Notch signaling. We observed a strong reduction of LFP and p3
neuronal markers in the entire trunk of mib mutants. On theother hand, isl1-expressing primary motoneurons were expand-
ed to the MFP (Fig. 3). This indicates that Delta-Notch signaling
is required for the specification of LFP and p3 neuronal cells,
which are located directly adjacent to the motoneuronal domain.
It remains, however, unclear whether Delta-Notch-dependent
lateral inhibition also regulates formation of the LFP versus p3
neuronal progenitor cells at a later stage of development, after
primary neurogenesis. This has to be analyzed in the future, e.g.,
by inhibition of Delta-Notch signaling in the zebrafish embryo
during early neurulation.
Different Hedgehog activities specify LFP and p3 neuronal
progenitor cells
The development of distinct neurons along the DV axis of
the vertebrate ventral neural tube is initiated by Shh secreted
from the floor plate and underlying notochord (Echelard et
al., 1993; Marti et al., 1995a; Chiang et al., 1996). During
early neurulation, distinct threshold concentrations of Shh
induce and repress homeobox transcription factors and
thereby specify five neuronal progenitor domains at appro-
priate positions along the DV axis. These are from ventral to
dorsal p3, motoneuron, p2, p1 and p0 neuronal progenitor
domains. Later, a specific subtype of neuron develops in each
domain (reviewed in Briscoe and Ericson, 2001). We have
shown that in zebrafish non-neuronal LFP cells and p3
neuronal progenitor cells alternate along the AP axis, and are
positioned at the same level of the DV axis. Expression
analyses of different floor plate markers in HH signaling
mutants showed that the two subpopulations are differently
regulated by HH signaling. No effects compared to the wild-
type situation were observed in heterozygous syu and smo
mutants. In heterozygous dtr (gli1) and yot (gli2) mutants, on
the other hand, only p3 neuronal cells were formed, while LFP
cells failed to form (Figs. 4B, E, J). This suggests a dosage-
dependent regulation of these two subpopulations, which is
apparently not as sensitive to reduced receptor and ligand levels,
but very sensitive to the reduction of the HH downstream
Fig. 8. Schematic model of ventral neural tube organization during early
neurogenesis in chicken and zebrafish. In chicken, non-neuronal LFP and p3
neuronal progenitor cell markers overlap in the domain between MFP and
motoneuron progenitors (pMN). In zebrafish, LFP cells (in red) and p3 neuronal
progenitor cells (in grey) alternate along the AP axis within this domain. During
early embryonic development, distinct domains of cells that require different
levels of Shh activity are generated along the DV axis of the vertebrate neural
tube. In zebrafish, LFP and p3 neuronal progenitor cells, which are positioned at
the same level along the DV axis, require different levels of HH activity. Note
that MFP, LFP and neural progenitor domains are several cells wide in chicken,
while in zebrafish MFP and LFP are only one cell in width and the pMN domain
is two to three cells wide.
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cyclopamine inhibitor experiments, in which Smoothened
signaling was gradually inhibited. A distinct concentration of
cyclopamine was identified that resulted in a loss of non-
neuronal floor plate cells, but had no effect on p3 neuronal
progenitor cells, similar to the situation in heterozygous yot and
dtrmutants (Figs. 6B, F, J, N). This suggests that the loss of LFP
cells in yot and dtr mutants is unlikely to be caused by a
dominant negative effect of truncated Glis. It rather opens the
possibility that LFP cells and p3 neuronal progenitor cells
exhibit different levels of competence to respond to a given HH
concentration. We speculate that LFP cells (foxa2+, nkx2.2b+)
require high HH activities, while p3 neuronal progenitor cells
(tal2+, nkx2.2b+) respond to lower HH activities. In heterozy-
gous dtr and yotmutants, where the HH activity is reduced, LFP
cells are therefore missing, while p3 neuronal progenitor cells
are still specified. In heterozygous dtr and yot mutants, LFP
cells surprisingly establish an olig2-expressing motoneuronal
domain, rather than for example differentiating into p3 neuronal
progenitor cells, which are tal2+, nkx2.2b+ (Fig. 5). Obviously,
the fate of non-neuronal LFP cells is strictly separated from that
of neuronal precursor cells of the p3 neuronal domain. This
suggests that these cells are pre-specified by a so far unknown
factor to differently respond to a given HH concentration.
Alternatively, discontinuous levels of HH activity and/or the
downstream factors Gli along the AP axis could be responsible
for the specification of the two subpopulations of cells. An
activity gradient for different Glis along the DVaxis of the avian
neural tube has recently been reported (Stamataki et al., 2005).
Future experiments investigating Gli activity along the AP axis
in zebrafish will give insight into the mechanisms of LFP and p3
neuronal progenitor cell specification. However, we cannot
exclude the possibility that the pattern of the two distinct cell
types is determined in a process downstream of HH signaling.
According to this possibility, equivalent and directly neighbor-
ing cells of the unspecified ventral neural tube could respond
differently to the same concentration of HH ligand. This could bemediated by cell-to-cell interactions downstream of the response
to HH signaling, like e.g., lateral inhibition by Delta-Notch
signaling.
The homeobox genes nkx2.2a and nkx2.2b are required for
non-neuronal LFP cells
Nkx2.2 is a member of the class II homeobox proteins,
which is present in both, the LFP (Charrier et al., 2002) and p3
neuronal progenitor domain (Briscoe et al., 1999; Qiu et al.,
1998; Shimamura et al., 1995; Charrier et al., 2002) of the
ventral neural tube of vertebrates. It has been shown that
Nkx2.2 represses the class I homeobox gene pax6 and thus
indirectly specifies the p3 neuronal progenitor domain (Briscoe
et al., 2000). However, since the p3 neuronal domain forms
normally in nkx2.2 knockout mice (Briscoe et al., 1999), the
function of Nkx2.2 during early neuronal specification is not
clear. Nkx2.2 might function redundantly with other ventrally
expressed homoebox transcription factors, like e.g., Nkx2.9
(Briscoe et al., 1999, 2000). During later development, Nkx2.2
specifies V3 interneurons and inhibits formation of motoneur-
ons. Nkx2.2 knockout mice therefore lack differentiated V3
neurons and motoneurons are ventrally expanded (Briscoe et al.,
1999).
We have investigated the function of two nkx2.2
orthologues, nkx2.2a and nkx2.2b, for formation of the
LFP and p3 neuronal progenitor domain in zebrafish.
Knock-down of nkx2.2a and nkx2.2b led to a loss of LFP
cells but had no effect on formation of p3 neuronal cells
(Fig. 7). Obviously, these genes are exclusively required for
LFP formation, although they are strongly expressed also in
p3 neuronal progenitor cells. It is possible that nkx2.2 genes
act redundantly during formation of p3 neuronal progenitor
cells, like it is predicted in higher vertebrates for nkx2.2 and
nkx2.9. However, apparently also in the non-neuronal LFP
some level of redundancy exists. In our experiments, knock-
down of nkx2.2a led to a LFP reduction in 43% of injected
embryos, while nkx2.2b even affected only 11%. Simulta-
neous injection of both morpholino oligonucleotides led to a
similar reduction of the LFP and only slightly increased the
efficiency (53%). Therefore, it remains unclear whether
nkx2.2 genes act redundantly with each other and/or with
other genes during patterning of the LFP and p3 neuronal
domain in zebrafish. Isolation and functional analysis of the
nkx2.9 ortholog in zebrafish will shed further light on the
mechanisms of neural patterning in the zebrafish ventral
neural tube.
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